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Ferroelectric thin film materials have been widely applied in a great many fields for their robust sponta-
neous electric polarization and strong coupling with optical, electric and magnetic fields. In recent years,
breakthrough progress has been made in the performance optimization and applications of these
materials. Composition control and various types of strain can effectively regulate the performance of
ferroelectric films, including ferroelectric hysteresis loop, Curie temperature, leakage current, etc., to
meet the application requirements of ferroelectric devices in various fields. Flexible ferroelectric thin film
devices with excellent ductility and resilience have amazing application potential in intelligent robots,
wearable electronic devices and the Internet of Things, expanding the application field of ferroelectric
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thin film materials. We briefly introduce the fabrication processes and application prototypes of flexible
ferroelectric thin films. We conclude with limitations of existing research on ferroelectric thin film
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1. Introduction

Ferroelectrics are materials that possess spontaneous polariza-
tion without an external electric field, and the orientations of
the polarization vector can be switched with the application of
an electric field." Thin-film ferroelectrics are important sub-
jects of ferroelectric materials. The research on ferroelectric
thin films can be traced back to the 1960s, when the develop-
ment of semiconductor integration technology sparked interest
in applying ferroelectric thin films to non-volatile memory
devices. However, due to the immature thin-film preparation
technology and the incompatibility of ferroelectric materials
with semiconductor processes at that time, the research and
application of ferroelectric thin-films progressed slowly. In the
1980s, the rapid development of ferroelectric thin film prepara-
tion technology broke the barrier of preparing high-quality
ferroelectric thin films and laid the foundation for the devel-
opment of ferroelectric thin film materials.>® At that stage,
various structural types of ferroelectric thin film materials
were prepared and investigated, such as perovskite oxides,
tungsten bronze and bismuth layered oxides.*® Among them,
perovskite-type oxide Pb(Zr,Ti; )O3 (PZT) has attracted much
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attention in research studies because of its superior ferro-
electric and piezoelectric properties. With the rapid develop-
ment of microelectronics technology, ferroelectric thin-film
materials are added as functional components to microelec-
tromechanical systems (MEMSs). In 1993, ferroelectric thin
films were successfully integrated with Si complementary metal
oxide semiconductors (CMOSs) and ferroelectric memory
entered industrialization. From then on, the research on ferro-
electric materials and devices has developed from single crystal
devices to thin film devices, and from separate devices to
integrated devices. In the following years, the application of
pulsed laser deposition (PLD), magnetron sputtering, molecu-
lar beam epitaxy (MBE) and other technologies to prepare
single crystal thin films has promoted research on the basic
science of ferroelectric thin film materials such as BiFeO,,”
PZT,? and BaTiO;.° With the continuous development of micro-
electronics technology and large-scale integrated circuits, the
development trend of miniaturization, integration and light
weight of electronic devices has appeared, and the require-
ments for ferroelectric devices have become higher and higher,
which has stimulated the continuous development of ferro-
electric thin films. So far, ferroelectric thin film materials have
been widely used in many fields, such as memory devices,
detectors, piezoelectric MEMSs, etc.'®™?

With the rapid development of computational, modeling,
synthesis, and characterization techniques, exotic physical
phenomena and novel ferroelectric materials are constantly
being discovered and explored. A superlattice is an epitaxial
multilayer film structure obtained by alternately growing two or
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more different thin film materials, which is an effective
approach to obtain excellent properties and explore new phy-
sical phenomena. The strong polarization enhancement was
achieved in a three-component superlattice BaTiO;/SrTiOs/
CaTiO;."® By controlling the volume fraction of PbTiO;, the
polarization value and Curie temperature can be adjusted over
a wide range in the PbTiO,/SrTiO; superlattice'® and the
recovery of ferroelectricity was observed in the ultrashort
period superlattice (PbTiOj),/(SrTiO;);."> In ferroelectric-para-
electric superlattices, exotic physical phenomena can also be
induced, such as vortex/anti-vortex structures,'® ferroelectric
skyrmions'” and negative capacitance.'® In 2011, promising ferro-
electric, Si-doped HfO, ferroelectric thin films were reported by T.
S. Boscke et al.,'® which opened the exploration of HfO,-based
ferroelectric thin film materials. Although the origin of ferro-
electric properties is still ambiguous, HfO,-based ferroelectric
thin film materials with the advantages of simple composition
elements, low dielectric constants, good ferroelectric properties
even at the nanometer scale, and full compatibility with silicon
semiconductor processes are expected to be applied in high-
performance microelectronic devices in the future.>*>>
Ferroelectric thin film materials have broad application
prospects in many fields, but there are very few ferroelectric
thin film devices that can be commercialized at present,
because the performance of many ferroelectric thin film mate-
rials cannot meet the requirements of commercialization.
Large leakage current, low nanoscale polarization value, low
piezoelectric coefficient, poor cycling stability, thermal stabi-
lity, etc. are the factors hindering the commercialization of
ferroelectric thin film devices. Therefore, improving the perfor-
mance of ferroelectric thin films is a problem to be solved in the
application field of ferroelectric thin film materials. In this Review,
based on the excellent work published, we introduced the rational
modulation approaches for the properties (Section 2), and the
application field (Section 3) of ferroelectric thin film materials.
Flexible ferroelectric thin films are free from the constraint of the
substrate and have excellent ductility and resilience, expanding the
application fields of ferroelectric thin film materials. The fabrica-
tion processes and application prospects of flexible inorganic
ferroelectric thin film materials are presented in Section 4.

2. Performance optimization

Ferroelectric thin film materials have wide application pro-
spects in a lot of fields, but different scenarios have different
requirements for performance. For example, ferroelectric mem-
ory requires superior fatigue resistance and ferroelectric sen-
sors need robust spontaneous polarization. Hence, it is
necessary to flexibly adjust the performance of ferroelectric
thin film materials. In this section, we introduce some com-
mon methods for adjusting ferroelectric thin film properties.

2.1 Composition control

Composition control is the most common and easiest approach
to modify the structure and the properties of ferroelectric thin
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films. Here we review some of the effects of chemical composi-
tion control on the properties.

2.1.1 Modify the polarization value (the P-E hysteresis
loops). In ferroelectric sensors, large remanent polarization
values (P,) result in a higher sensitivity, so the higher the P,
the better. The P, value of (001)-oriented NaNbO; thin films
adjusted by Co, Mn and La co-doping is 31 pC cm ™2, which is
approximately three times that of the unmodified NaNbO; thin
films (10 pC em™?).** In La-doped PZT (PLZT) thin films, the
P, value varies with the amount of La dopant and the maximum
P, of 91 pC ecm ™ (almost twice that of the pure PZT thin films)
was realized in 0.5 at. % PLZT thin films.** Ferroelectric or
antiferroelectric thin film materials can be applied to
electrostatic energy storage. Narrow P-E curves are beneficial
for improving energy storage density and efficiency (the detail
about energy storage is discussed in Section 3.2). As shown in
Fig. 1a, doping Sm in BiFeO;-BaTiO; (BFO-BTO) relaxation
ferroelectric films can significantly narrow the P-E loop, and
achieve superparaelectric relaxation ferroelectrics with high
energy storage density and efficiency.*®

2.1.2 Improve fatigue resistance. Polarization fatigue is the
phenomenon in which the switchable polarization gradually
decreasees under increasing number of electrical cycling,
which is one of the major issues affecting the working life of
ferroelectric devices. For PbZr, ;Tiy,O5 thin films, the switch-
able polarization values began to decrease after 10” cycles and
decreased by approximately 50% after 10" cycles; the switch-
able polarization of Mn (0.5-1 mol%) doped PbZr,3Ti, ;03
films decreased by 2-3% after 10'° cycles;*® no fatigue was
observed in Nb and Si co-doped PbZr, ,Tij gO5 thin films, even
after 10" cycles.® Fig. 1b shows cyclic fatigue tests for energy
storage density and efficiency of (0.55 — x)BFO-xBTO-0.45STO
solid-solution thin films with various x values. It can be seen
that the x = 0 thin film broke down after 10° charge-discharge
cycles, while negligible fatigue (< 3%) after 10° cycles was
observed in BTO-doped films.>®

2.1.3 Reduce leakage current. The leakage current causes
ferroelectricity deterioration, self-heating and reliability pro-
blems, which hinders the practical applications of ferroelectric
thin films. Element doping can inhibit the formation of oxygen
vacancies, thus reducing the leakage current and improving
the ferroelectric property of the thin film.>"**> Doping with
0.08 mol BiFeO; in Bi; ,5Lag ,5Tiz;04, thin film can reduce the
leakage current density by two orders of magnitude and
increase the breakdown strength from 2001 kV cm™' (pure
Biz 5La0.75Ti30;,) to 3316 kv em ™" (Fig. 1c), which allows high
electric fields to be applied onto the films to produce large
polarization, resulting in higher energy storage densities.*”

2.1.4 Thermal stability. The high Curie temperature and
thermal stability enable ferroelectric thin film devices to oper-
ate at high temperature. During room temperature to 100 °C,
a temperature-independent polarization behavior was observed
in the PbTiO;-BiMg,5Tips0; and PbTiO3;-FeNdO; thin
films.?*** The energy storage density (40 ] cm ) and efficiency
(80%) of the 5.6 mol% Si-doped HfO, thin films were main-
tained over a wide temperature range (25-175 °C).*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The P—E curves of Sm-doped BFO-BTO thin films with various Sm content.?® (b) A cyclic fatigue test for energy storage density and efficiency
of (0.55 — x) BFO-xBTO-0.45STO solid—solution thin films with various x values.?® (c) The breakdown strengths of BLT-xBFO thin films were analyzed by
two-parameter Weibull distribution.?’ (d) Photocurrent density—voltage curves of La-substituted BFO films.2®

2.1.5 Regulate ferroelectric-related properties. The Ti/O
deficiency can drive a phase transition from paraelectric to
ferroelectric in SrTiO; thin films.>® In Na-deficient NaNbO;
thin films, Na defects drive the formation of out-of-phase
boundaries between the nanopillar regions and matrix regions,
which is responsible for the huge piezoelectric response.’”
A large ferroelectric resistance switching with an ON/OFF rate
(12 000) comparable to that of ferroelectric tunnel junctions
was observed in Sm doped BiFeOj; thin films.*® The 1 mol%
Mn-doped PbZr, 3Ti, ;O; thin films showed an enhanced pyro-
electric effect.’® The substitution of Pb by Sm in PbZr,Ti;_,O;
thin films resulted in an unusually large piezoelectric coeffi-
cient near the Curie temperature.® The phase transition from
the polar ferroelectric phase to a nonpolar paraelectric phase
exists in BiFeO; thin films modified by rare-earth metals (La
Sm, Gd, Dy), and substantial enhancement of ferroelectric
photovoltaic (Fig. 1d) and electromechanical properties were
observed near the phase boundaries of the nonpolar and polar
phase.28’4l’42

2.1.6 Introduce other properties. Multifunctional materi-
als can be obtained by doping special ions in ferroelectric thin
films. Single-phase multiferroic thin films at room temperature
can be prepared by introducing magnetic elements (Fe, Co, Mn,
etc.) into ferroelectric thin films.*> For example, Mn-doped
BaTiO; thin films,** and Sm and Fe co-doped PbTiO; thin
films.*® Through inserting luminescent centers into ferroelec-
tric thin films, high-performance optical materials were

© 2022 The Author(s). Published by the Royal Society of Chemistry

constructed, such as Er/Yb co-doped BaTiO; thin films*® and
Ni-doped Ba, 5St, 5TiO; thin films.*”

Compositional modulation can change the chemical and
defect structure of materials, and plays an important role in the
regulation of ferroelectric material properties, such as rema-
nent polarization, leakage current, fatigue, and piezoelectric
properties, etc. The chemical method is a universal application
to modify kinds of ferroelectric thin films grown on various
substrates. However, as the chemical substitution could pro-
vide limited “internal pressure”, the properties can only be
modified in a narrow range. Moreover, although there are many
methods for preparing thin films, few can achieve precise
control of composition, and many preparation methods are
not suitable for preparing thin films with complex chemical
compositions.

2.2 Strain engineering

In ferroelectric materials, there is a strong coupling relation-
ship between polarization and strain, which can be used to
tailor the properties of materials.*®*® In the early 1950s,
researchers studied the influence of hydrostatic pressure on
the Curie temperature and dielectric properties of ferroelectric
ceramics and single crystal materials.’°>> Normally, the bulk
material can withstand less than 0.1% compressive and tensile
strain, while thin films can tolerate approximately several
percent of biaxial strain.”® The high stress tolerance of thin
film materials provides a broad platform for strain control

Mater. Adv., 2022, 3, 5735-5752 | 5737
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performance. The strain engineering of ferroelectric thin films
has developed rapidly in the last ten decade.>*® In particular,
the construction of a stress-phase diagram (the relationship
between the ferroelectric domain structure and strain) provides
a good foundation for ferroelectric strain engineering. There
are many ways to apply strain in thin films. Here, we briefly
introduce the development of several types of strain on the

properties of ferroelectric thin films.
Biaxial strain arises from the lattice mismatch between the

film and the substrate, and is defined as:
as — ar
E=—
ds

where ar and a, are the lattice parameters of the thin films and
substrate, respectively.>® The alteration of biaxial strains can be
realized by altering the type of substrate, it is the most
convenient and widely used method in strain engineering. As
shown in Fig. 2a and b, the Curie temperature and ferroelectric
polarization value of the BaTiO; thin films can be tuned by
changing the substrates.” A similar situation occurs in several
perovskite ferroelectric thin film materials, such as PbTiO3,
BiFeOj3, and LiNbO;.%” Biaxial strain can be used to drive phase
transition. Bulk STO is paraelectric, and ferroelectricity can be
realized by depositing thin films on suitable substrates.>® In
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Hf, 5Zr( 50, thin films, a ferroelectric rhombohedral phase can
be obtained by applying the biaxial compressive strain.”® A
phase transition from the M, phase to the My phase occurs in
BiFeO; thin films as the epitaxial strain changes from low
mismatch compressive strain to tensile strain.®® The monocli-
nic BFO films show a high P; (55 pC cm~?), which is an order of
magnitude higher than that of the bulk.®* In the case of high
compression strain (> 4.5%, LaAlO; substrate), low-symmetry
rhombohedral phases and tetragonal-like phases coexist in
BiFeO; thin films (Fig. 2¢).”®> The mix-phase structure is
similar to the morphotropic phase boundaries (MPB) and the
improved electromechanical responses have been certified in
the mix-phase region.®® The elastocaloric effect of BaTiO; thin
films can be regulated by the use of different compressive
substrates.®*

Because of the clamping of the substrate, epitaxial strain can
only be maintained within the critical thickness, restricting the
efficiency of the biaxial strain in rather thick film. Due to the
limitation of a high-quality single crystal substrate type, a
continuously adjustable biaxial strain state cannot be achieved.

Vertical strain comes from the vertical lattice mismatch of
the two materials, as shown in Fig. 2d. Vertical strain runs
through the entire film thickness and could apply strain in the
thick film.*” For tetragonal perovskite ferroelectric materials,
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Fig. 2 (a) Misfit strain-temperature phase diagram of BTO and (b) P—E hysteresis loops of BTO thin films grown on different substrates.® (c) Evolution of
the energy (top) and c/a ratio (bottom) as a function of misfit strain for BFO thin films.” (d) Schematic crystallographic model of vertical strain between
Sm,03z and BTO.%° (e) Tetragonality (c/a ratio) in BSTO thin films versus Sm,O3z content.®®
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the ferroelectric performance is closely related to the axial
ratio. Vertical strain without constraint of the substrate can
have a significant influence on the tetragonality of materials;
therefore, vertical strain is an effective way to tune the perfor-
mance of perovskite ferroelectric materials.®> Many rare-earth
oxide, spinel and metal-oxide nanopillars were successfully
assembled with perovskite oxide to achieve various properties.
For example, the dj; (longitudinal piezoelectric coefficient)
value of the 0.5BaTiO5:0.5Sm,0; vertical composite thin films
(45-50 pm V') is higher than that of pure BaTiO; thin films
and can be maintained from room temperature to 250 °C,
which comes from the vertical tensile strain tuned by Sm,0;
nanopillars.®® In the (Bay ¢Sro.4Ti03)0.25:(SM,03)0.55 thin films,
Bay 6S10.4TiO; is subjected to vertical tensile strain controlled by
Sm,03, and the tetragonality increases with increasing thick-
ness and Sm,0; content (Fig. 2¢).°® In the 600 nm thick film,
pure Bag ¢S 4TiO; is fully relaxed, while the composite film
maintains good tetragonality (c/a = 1.0112). Ferroelectric prop-
erties can be induced by vertical strain in conventional non-
ferroelectric materials. In composite films composed of MgO
nanopillars and a SrTiO; matrix, vertical tensile strain can be
applied to the SrTiO; lattice to achieve tetragonal distortion
and induce ferroelectricity.®® SrTiO;:Sm,0; nanocomposite
thin films have been confirmed to be ferroelectric and have

() (b)
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the merits of high dielectric tunability (49%), low dielectric loss
(less than 0.01) and a high commutation quality factor (over
2800) at room temperature, making SrTiO;:Sm,0; nanocompo-
site thin films suitable for microwave tunable devices.”
In vertical nanocomposite heteroepitaxial films, magnetic
nanopillars with magnetostriction properties are embedded
in the ferroelectric matrix, and a strong magnetoelectric cou-
pling effect can be realized by a vertical strain coupling
mechanism,” including BaTiO;:CoFe,O, nanostructures’>
and BiFeO;:CoFe,0, nanocomposites,”>’* etc.

Interphase strain - Two materials with resemblant crystal
structures but unequal lattice parameters were assembled into
a single epitaxial composite with the same lattice constant and
well-matched interface, and the strain generated at the bound-
aries of the two kinds of materials is the interphase strain
(Fig. 3a). Interphase strain was first proposed and reported by
Zhang et al. in 2018.”> Fig. 3b shows the synchrotron X-ray
RSMs around the (103) plane of the films and substrates. By
introducing the PbO phase into a PbTiO; epitaxial thin film, the
out-of-plane crystal parameter ¢ of the PTO composite thin
films shows substantial increase, resulting in an axial ratio as
large as 1.238 (that of bulk is 1.0657°). The P, value of ultra-
tetragonal PbTiO; epitaxial composite films is 236.3 uC cm ™2
(Fig. 3¢), which is the largest value reported to date.®” Similar
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(a) Crystallographic model of interphase strain between PTO and PbO; (b) Synchrotron X-ray reciprocal space mappings (RSMs) study of PT(),

PT(1), and PT(m) epitaxial thin films around the STO (103) plane, and (c) P—E hysteresis loops of ultra-tetragonal PTO thin films;”® The cross-sectional

HAADF-STEM (d) and P—E hysteresis loops (e) of c-BTO films.”®
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structures were also obtained in BaTiO;:BaO epitaxial compo-
site films (c-BTO).”” The cross-sectional HAADF-STEM image
(Fig. 3d) of ¢-BTO shows that BaTiO; and BaO have a coherent
interface and that interphase strain exists between them. By
calculation, the BaO lattice exerted a chemical negative pres-
sure of —5.7 GPa on the BaTiO; lattice, resulting in the largest
tetragonal distortion (c/a = 1.12), and the P-E loops of the c-BTO
(Fig. 3e) exhibit the largest P, value of 100 unC em™? in BaTiO;
materials. Surprisingly, ferromagnetism was observed in the
ultra-tetragonal PbTiO; composite film. The saturation mag-
netic moment of 10 nm thick composite films deposited on the
LaAlO; substrate is 55 emu cc'.”® Interphase strain can not
only induce negative chemical pressure to improve ferroelectric
performance but also provide a new method for the design and
exploration of multiferroic materials.

The freestanding membrane is free from the clamp of
the substrate which provides a new direction for exploring
the structure and properties of ferroelectric film materials.
High-quantity freestanding perovskite membranes can be
synthesized by the use of a sacrificial water-soluble layer
(Sr3Al,06).7%%° The perovskite thin films are deposited on
substrates with Sr;Al,O¢ buffer layers and placed in deionized
water to remove the buffer layer, finally, transferring the
membrane to the desired substrate.”® Free from the constraints
of the substrate, perovskite ferroelectric membranes may exhi-
bit some unexpected structures and properties. For example,
BaTiO; membranes show superelasticity and ultraflexibility.®"
Generally, oxide ferroelectric materials are brittle, whereas a
120 nm thick BaTiO; membrane can bear up to 10% of the
mechanical bending strain without any crack, and the strain
state can be recovered immediately when the 60 nm thick
membrane is bent at an angle of 40° (Fig. 4a). Even when the
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bending angle is increased to 80°, a large part of the strain can
be recovered instantly, which demonstrates the superelasticity
and ultraflexibility of BaTiO; membranes. The structural tran-
sition from an R-like phase to a T-like phase with the removal of
a substrate, occurs in freestanding BiFeO; membranes with less
than four unit cells (Fig. 4b and c).®* As the thickness decreases,
the axial ratio of BiFeO; membranes increases, and the 3 unit
cells of BiFeO; membranes exhibit a remarkably large axial
ratio (1.22), which is comparable to the epitaxial strain-driven
T-like phase BiFeO; thin films.®*%

The realization of composition control and strain engineer-
ing depends on the deposition method and thermal treatment
process of the thin films. The chemical composition, defect
structure and strain state of the thin films can be flexibly
controlled by different deposition methods and thermal treat-
ments, so as to achieve the adjustment of the properties.
Nowadays, many deposition methods are applied to grow ferro-
electric thin films. Classified by the mechanisms, the deposi-
tion methods are divided into two categories: chemical
methods and physical methods. Chemical methods, including
chemical solution deposition (CSD, also called sol-gel),
chemical vapor deposition (CVD), etc., have strong advantages
in composition regulation and are suitable for preparation
of ferroelectric thin films with complex chemical
composition,*"® which can flexibly and precisely control the
chemical composition. Simple instruments and easy experi-
mental processes make chemical methods appealing. However,
chemical methods generally grow polycrystal thin films,
whereas physical methods are much more appealing to grow
epitaxial thin films. The properties of thin films prepared by
chemical methods are greatly affected by the thermal treatment
process.® Physical methods, such as atomic layer deposition
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Fig. 4 (a) SEM images of the bending and recovery process at a bending angle of 40° for a BTO nanobelt.”® (b) Cross-sectional HAADF-STEM images of
a BFO thin film (three unit-cell) before (top) and after (bottom) separation from the substrate and (c) the crystal parameters a and ¢ as a function of the

freestanding BFO film thickness.&°
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(ALD), pulsed laser deposition (PLD), molecular beam epitaxy
(MBE), and magnetron sputtering (MS), are widely applied to
prepare high-quality ferroelectric thin films, including super-
lattices and ultrathin films, as these methods can in situ control
the growth of crystal on an atomic level and accurately control
the thickness of the film. Compared with MBE and ALD
methods, MS and PLD methods have the advantage in flexible
control of chemical composition and can be used to prepare the
epitaxial thin films with complex compositions.*®”> The equip-
ment of ALD and MBE are expensive, and the preparation
conditions are difficult to achieve; MS can achieve large-scale
preparation, but PLD cannot. These methods have different
advantages and disadvantages. In order to obtain films with
specific structures or properties, flexible selection of appropri-
ate thin film deposition methods is required.

3. Application
3.1 Nonvolatile random-access memory

Ferroelectric random-access memory (FeRAM) is one of the
main application fields of ferroelectric thin film materials.®”
In FeRAM, two opposite polarization states of ferroelectric thin
films are used for data storage.®® FeRAM has the merits of
nonvolatility, fast running speed, low power consumption and
irradiation resistance. FeRAM can be divided into TC-type
FeRAM (including 1T1C, 2T2C, 1T2C, T: transistors, C: capaci-
tors) and 1T-type FeFETs (ferroelectric field effect transistors)
according to different storage unit structures.

TC-type FeRAM works through the charge storage effect of a
ferroelectric capacitor and the structure schematic diagram of
the 1T1C-type FeRAM is shown in Fig. 5a.%® During the “write”
operation, the polarization direction of the ferroelectric film
change with the polarity of the applied electric field. Due to the
self-generating stability of ferroelectric remanent polarization,
the polarized charge accumulates on the electrode of the ferro-
electric capacitor after removal of the applied electric field, and
the two electrical properties of polarized charge are used to
represent two logical states of 0 and 1. In the “read” operation,
the readout voltage is applied to the ferroelectric capacitor, and
the polarization reversal is judged by comparing the output
current with the reference current, to determine the electrical
properties of the stored charge in the ferroelectric capacitor.
During this operation, the polarization direction of the ferro-
electric capacitor whose polarization direction is different from

(a) (b)

FE > Electrode

PL

Fig. 5 (a) Structure schematic diagram of the 1T1C-type FeRAM. (b) The
schematic diagram of two-dimension (2D) planar capacitors (top) and
two-dimension (3D) deep trench capacitors.
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the polarity of the read operation voltage, transforms to the
opposite direction, which destroys the original storage state.
Therefore, after the read operation, the information must be
written back to restore the original storage state of the storage
unit. Because the “read” process of TC-type FERAM is destruc-
tive, the cyclic fatigue characteristics of ferroelectric films are
needed.

Ferroelectric thin films applied in TC-type FERAM require a
high remanent polarization value, low coercive voltage and
saturation polarization voltage, suitable Curie temperature
and good fatigue resistance. At present, PZT- and SrBi,Ta,0q
(SBT)-based ferroelectric thin film materials are used in com-
mercial FeRAM.* SBT-based thin film materials have the
advantage of excellent fatigue resistance.’”' SBT-based mem-
ory has good cyclic stability and even shows a fatigue-free
phenomenon after 10'" switching cycles.””> However, the low
storage density due to the intrinsic low remanent polarization
value (2P::15-20 puC cm™?), and the high integration tempera-
ture (700-800 °C) limit the development of SBT-based
FeRAM.?*** Due to the outstanding ferroelectric performance
and low integrated temperature (600 °C), PZT-based ferroelec-
tric thin films are widely used in FeRAM.”> Nevertheless, the
fatigue resistance of the PZT film is poor. With the increase in
the read/write cycle, a polarization decrease usually occurs at
10° cycles, which is far less than the requirement of commercial
memory (10'%, or even higher in special cases).”* The fatigue
resistance of PZT-based capacitors can be optimized to 10'" by
applying oxide electrodes (such as LiNiO3, SrRuO;, Ru0,)°*”
or doping elements (such as Si, Nb, Mn),>>** enabling the
commercialization of PZT-based FeERAM.

The PZT-based embedded FeRAM technology node stag-
nates at 130 nm°®°® which is an order of magnitude larger
than DRAM. This is due to the size effect of the perovskite
ferroelectric materials. As the size of the capacitor (ferroelectric
thin film thickness) decreases, the polarization value of the
ferroelectric film declines, resulting in a decrease in the mea-
surable storage charge on the electrode. According to the
calculation, the remanent polarization values required for
FeRAM with a stacked planar capacitor utilizing a 90 nm
technology node are 2P, > 84 uC cm >.'° Although the P,
value of PZT is as large as 100 uC cm 2" the polarization
value of PZT in FeRAM prepared by the semiconductor process
is less than 40 uC cm™>. To reduce the technology nodes and
improve the storage density, 3D capacitors are used instead of
2D planar capacitors to compensate for the area loss.'®* The
schematic drawing of 2D and 3D capacitors are shown in
Fig. 5b."%® Yeh et al. prepared 3D PZT-based capacitors with
ferroelectric properties comparable to planar devices in the
laboratory.'®* However, it is extremely difficult for PZT to form
ferroelectric phases on sidewalls, and the idea of improving the
storage density of PZT-based FeRAM by integrating 3D capaci-
tors is still in the laboratory phase. In 2011, the discovery of
HfO,-based ferroelectric materials'® made it possible to reduce
the size of FeRAM. In 2014, Polakowski et al. reported 3D trench
capacitors with Al-doped HfO, thin films as ferroelectric
layers.'®® The P, value based on the plane-projected area of
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the 3D trench capacitors with 100 k trenches is 152 uC cm >
and the actual P, value is 13.6 pC cm ™2 which is similar to that
of the 2D planar capacitor (15 pC cm™?), suggesting that any
parts, including the sidewalls of the trenches, contribute to the
entire polarization value. In 2019, the TiN/Hf, 5Zr,503/TiN
ferroelectric capacitor was successfully integrated into the
130 nm technology node back-end-of-line (BEOL) by T. Francois
et al.'® The capacitor exhibited excellent performance: 30 ns
operation speed, 2P, > 40 pC cm 2, and endurance > 10"
cycles at 4 V applied voltage. HfO,-based ferroelectric materials
have excellent ferroelectric properties in 3D capacitors and can
be compatible with silicon CMOS (complementary metal oxide
semiconductor) processes, so they are the candidate material
for a new generation of FeRAM.?*'%® However, a high coercive
field limits the application of HfO,-based ferroelectric thin
films in TC-type FeRAM. First, a high coercive electric field
results in high application voltage and energy consumption.
Second, the application voltage is close to the breakdown
voltage, making the device vulnerable to breakdown and limit-
ing the endurance and switching cycle.'®” Therefore, reducing
the operating voltage and improving fatigue resistance have
been some of the main research directions of HfO,-based
ferroelectric thin films.

The disadvantage of TC-type FeRAM are: the storage unit
cannot be scaled down and destructive read out. The emer-
gence of FeFETSs solves these problems.

FeFET works by controlling the polarization charge of the
ferroelectric layer through the gate voltage and thus modulat-
ing the conductivity of the transistor channel.'®® For the
N-channel enhanced FeFET (Fig. 6), in the process of “writing”,
a positive/negative voltage higher than the coercive voltage of
ferroelectric thin films is applied to the gate, resulting in the
electrons/holes accumulating on the surface of p-type silicon
and the transistor being in the on/off state. The on and off
states of the transistor can be used to represent 0 and 1,
respectively. In the process of “readout”, a voltage is applied
between the drain and source, and the gate is suspended. If the
channel is in the “on” state, the large current passes through;
otherwise, no or only the small current passes through. Thus,
the storage logic data can be read by comparing the size of
the output current. During the readout process, the gate
remains suspended, and the polarization states of the ferro-
electric film is not affected. Therefore, the “readout” operation

(a) Gate (b) Gate
Source PI Drain  Source P l Drain
®®® © OO
n n n n
Si Si

Fig. 6 Structure schematic diagram of the N-channel enhanced MFIS-
type FeFET: (a) the transistor is in the off state; (b) the transistor is in the on
state.
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is a nondestructive reading process. FeFET has the character-
istics of nondestructive readout, high storage density, and
simple structure that can be scaled down. However, due to
many factors, including short storage time, poor reliability, and
incompatible semiconductor processes, FeFETs have not been
commercialized thus far.

According to different ferroelectric layer materials, FeFETs
can be divided into PZT-based,'®® SBT-based,''® LiNbO;-
based'"" and 2D van der Waals heterostructures."'* In this
article, we focus on SBT-based and HfO,-based FeFETs. For
the SBT-based FeFET devices, SBT thin films cannot be compa-
tible with Si, so a buffer layer is grown on the surface of the
semiconductor layer to avoid element diffusion and chemical
reactions at the interface. The insertion of the buffer layer will
bring about the voltage divider effect. Because the dielectric
constant of the ferroelectric material (approximately 200) is
larger than that of the buffer layer (a few decades), most of the
voltage is applied to the buffer layer, resulting in incomplete
polarization reversal, thus affecting the data storage time. The
data retention time is one of the main parameters used to
evaluate FeFET performance. The main factors affecting reten-
tion time are the depolarization field, gate leakage current and
instability of the unsaturated hysteresis loop."*™"*> A number
of attempts have been made to solve these problems, including
searching for a suitable buffer layer and ferroelectric layer
materials, optimizing structural parameters, and using new
structures (MFMIS, ferroelectric semiconductor-FET)."">"'% A
retention time of 33 days with a current rate (on/off) greater
than 10° was observed in a self-aligned-gate Pt/SrBi,Ta,0/Hf-
Al-O/Si FeFET, and a current rate of 10* was extrapolated after
10 years.""® The memory window (MW) of the FeFET can be
approximately given as MW = 2E.-dg..”° The low E. of the SBT
thin films (2E. <0.1 MV ecm™")**° requires a large thickness to
meet the memory window requirement,'>***" which limits the
extensibility of SBT-based FeFETs.

Compared with SBT-based ferroelectric materials, HfO,-
based ferroelectric materials have the advantages of a low
dielectric constant, a high coercive electric field and full
compatibility with CMOS technology,"** making it more suita-
ble for memory applications. In particular, when the ferro-
electric layer thickness is decreased, the high coercivity field
can compensate for the loss of the memory window so that the
size of the FET can be reduced. In 2016, HfO,-based FeFET was
integrated into a 28 nm CMOS technology."** One year later, a
HfO,-based FeFET was successfully integrated into a 22 nm
fully depleted silicon-on-insulator (FDSOI) platform, where it
has been certified to have a scalability decrease to a 12 nm
technology node.' Reducing the technology node below
10 nm requires a ferroelectric layer thickness of less than
3 nm, and the robust ferroelectricity in Hf, gZr,,0, thin films
has been demonstrated to decrease the thickness to 1 nm."*?
HfO,-based materials can maintain excellent ferroelectric prop-
erties in an integrated 3D structure,'® which makes it possible
to further reduce the technology nodes of memory.

In addition, FeFET can not only be used in memory but
also has wide application prospects in other fields, such as,
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negative capacitance transistor, memristive transistors for
neuromorphic computing, frequency multiplier based on
FeFET, etc.'2671%°

3.2 Piezoelectric sensors, transducers, and actuators

Based on the piezoelectric effect (as shown in Fig. 7),"*° piezo-
electric materials can realize the mutual conversion of mechan-
ical signals and electrical signals, and are widely used in the
fields of sensors, transducers and actuators.”! With the devel-
opment trend of device miniaturization and integration,
MEMS, an independent intelligent system that integrates sen-
sors, transducers, actuators and other electronics components
together, has received more and more attention. Deposition of
high-quality piezoelectric thin films materials is the basis for
the fabrication of MEMS. Among many piezoelectric materials,
perovskite-type ferroelectric thin film materials with excellent
piezoelectric properties have been widely studied. In recent
years, some piezoelectric devices composed of PZT thin films
have been commercialized, such as inkjet printer heads and
MEMS gyroscopic sensors.

The piezoelectric coefficient is one of the important para-
meters to characterize piezoelectric properties of materials.
Improving the piezoelectric coefficient is of great practical
significance for reducing the driving voltage or improving the
sensitivity and accuracy of the MEMS device. Similar to bulk
materials, ferroelectric thin film materials usually have excel-
lent piezoelectric properties near MPB, so PbZr, 5,Ti 4303 and
PbZr, 53Tig 4705 thin films are the most commonly used.”" In
addition to composition, the effects of crystallographic orienta-
tion, grain size, thickness and porosity on the piezoelectric
properties of materials are also explored.’**'** Due to the
hazard of Pb on environmental and human health, research
on lead-free piezoelectric thin film materials has developed
rapidly in recent years. Lead-free ferroelectric materials such as
Biy5Na, sTiO;, BiFeO;, and K, sNa,;NbO;, are considered as
potential candidates for MEMS.*""**13% In 2020, Liu et al.
utilized Na vacancies to form nanopillars surrounded by out-
of-phase boundaries in NaNbO; films, resulting in a giant
electromechanical response (piezoelectric coefficient dsz; ~
1098 pm V~').*” More details about the piezoelectric properties
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Fig. 7 Schematic diagram of the positive piezoelectric effect and the
inverse piezoelectric effect.**°

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Perspective

and MEMS application of ferroelectric materials have been
nicely reviewed by Kanno, Muralt and Malic, et al.'*"*¢7'%8

Except for the piezoelectric coefficient, parameters such as
electromechanical coupling coefficient, mechanical quality fac-
tor, and Curie temperature are also important parameters in
practical applications. At present, most of the research on
piezoelectric materials focuses on improving the piezoelectric
coefficient of materials, and how to achieve the synergistic
optimization of various parameters is one of the key issues
to be solved. In addition, the research on the temperature
stability, fatigue resistance and reliability of piezoelectric thin
films is still insufficient, and further in-depth and meticulous
research is required.

3.3 Energy storage capacitors

A dielectric capacitor, as an energy storage device, works
through the electrostatic field generated by dielectric
polarization."®® Dielectric capacitors have drawn much atten-
tion in microelectronics and power fields due to their short
charge/discharge time, high endurance and long lifetime."*%**!
The essential factors to achieve excellent performance energy
storage devices are high energy storage density (ESD) and
efficiency (1). The ESD and 1 of the dielectric capacitor can be
estimated by the P-E curve. Fig. 8 shows the P-E hysteresis
loops for dielectric materials and the calculation equation is as
follows:"**

_p,

Edp
Prax

ESD = J
ESD

=———x 100
ESD + Loss x %

n

Thus, antiferroelectrics and relaxor ferroelectrics with high
Py, high breakdown electric field and low P, are considered the
most suitable materials for energy storage applications.'*>'*?
The breakdown strength of the bulk is lower than that of thin
films, which results in a smaller ESD;'** therefore, it is sup-
posed that great energy storage properties can be obtained in
the films. According to the composition, capacitors can be
divided into Pb-based and lead-free capacitors.”>'*> Due to
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Fig. 8 The recoverable energy storage density and loss from P—E loops of
a dielectric capacitor.**®
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the high ESD and efficiency, Pb-based capacitors have been
studied intensively for decades, and many works have been
published.'*® The Mn-doped Pbg.o;Lag goZrg65Tig 3505 relaxor
ferroelectric thin films exhibit an ESD of 30.8 ] cm > and
68.4%.'*” Nonetheless, because lead is harmful to the human
body and the environment, lead-free energy storage devices
have attracted more attention."*° Lead-free capacitors with
energy storage performance comparable to, or even superior
to, Pb-based capacitors have been fabricated."*® For instance,
Pan et al. achieved high ESD (112 ] em?) and # (80%) in BFO-
BTO-STO solid solution thin films by designing a polymorphic
nanodomain structure.*® A superparaelectric relaxor ferroelec-
tric thin film (Sm-doped BFO-BTO) with ultrahigh EDS of
152 J em ™ and 7 over 70% was fabricated by Pan et al.>® Since
the volume and mass of the substrate is much larger than the
film, so the total stored energy in ferroelectric film capacitors is
much lower than that in ceramics. At present, factors hindering
the commercialization of ferroelectric energy storage capaci-
tors include: low energy density and total energy, small
effective energy storage volume, poor temperature and fatigue
stability, etc.

3.4 Ferroelectric photovoltaic devices

With the increasing demand for energy, it is urgent to develop
and utilize clean renewable energy-solar energy. Photovoltaic
technology is an important technical means to transform solar
energy into electric energy. The working principle of photo-
voltaic devices is shown in Fig. 9. The electron-hole pairs are
created in the material illuminated by sunlight, and the separa-
tion of electron-hole pairs produces a potential difference at
both ends of the material."*® In order to achieve high power
output, high photovoltage, photocurrent and photoelectric
conversion efficiency are necessary for photovoltaic devices.
The high open circuit voltage (V. is not limited by its own band
gap), good light absorption characteristics and favorable polar-
ity structure for photogenerated carrier separation make ferro-
electric photovoltaic materials have promising application
prospects in solar cells."**™' The high P, value and low
band gap (2.1-2.7 eV) make BFO thin film materials one of
the most promising candidate materials in the field of
photovoltaics.'>>7*3*

Although the photovoltaic effect mechanism of ferroelectric
thin film materials has not been fully understood so far, a large

dipole
moment

Fig. 9 The working principle of ferroelectric photovoltaic devices.**°
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number of studies have found that many factors can affect the
photovoltaic effect of thin film materials, such as (i) Band gap:
the narrow band gap and large absorption coefficient enable
the BFO film to absorb more photons, thus producing a greater
photocurrent."®>'>® In 2014, Nechache et al. proposed a new
strategy to tune the bandgap of double perovskite Bi,FeCrOg
thin films by regulating the cationic ordering, achieving a
conversion efficiency of 8.1% in multilayer devices."” (ii) P,
value: the larger P, values of ferroelectric thin films can
separate photogenerated carriers more effectively;*""*® (iii)
Schottky barrier height: the Schottky barrier height can be
modulated by changing the electrode type or polarization state,
and the high Schottky barrier height facilitates the separation
of photogenerated carriers;">*'° (iv) Conductivity: the separa-
tion of electrons and holes is a charge transfer process, so it is
significant to improve the photoexcited charge transfer by
balancing the ferroelectricity and conductivity of ferroelectric
thin films,'®" etc. Paillard et al. published a review describing
the development of ferroelectric photovoltaic materials
and discussing several critical issues and parameters that
require further exploration.'®® Although much research on
ferroelectric photovoltaic devices has been carried out, the
photovoltaic efficiency of ferroelectric thin film photovoltaic
devices is too low and there is still much more to explore before
commercialization.

3.5 Tunable microwave devices

The tunable microwave devices fabricated by electrically tun-
able dielectric materials, such as tunable oscillators, phase
shifters and resonators, have wide application prospects in
the field of radar and communication.’®*'®* In the past few
decades, a number of tunable microwave devices integrated
with Ba, ,Sr,TiO; (BST) thin films have been fabricated, such
as, a tunable band-stop resonator consisting of a high-
temperature superconductor and BST bilayer'®® and phase
array systems with enhanced performance fabricated by micro-
wave phase shifters.'® The key factors to the high performance
of tunable microwave devices are high dielectric tunability

&) — & . . o .
(n = u) and low dielectric loss. Ferroelectric materials,
€0

especially BST thin films, with strong electrically manipulated
dielectric permittivity and low dielectric loss have made them
excellent alternatives for tunable microwave devices.'®>"®”
Many investigations have been performed to improve the
tunable properties of thin films. The dielectric loss of the BST
thin film can be reduced by element doping (Co, Al, Mg, etc.),
but the tunability is also weakened.'®*'7° The tunability of the
SBT film can be improved by applying epitaxial strain, which
induces an increase in the Curie temperature.”>* However, due
to strain relaxation, epitaxial strain cannot be maintained in
the thick films required for microwave devices. In 2012, Lee et al.
reported a nanocomposite ferroelectric thin film composed of BST
and Sm,0; which has an enhanced tunability (75%) and reduced
dielectric loss (< 0.01), indicating great potential for application
in electrically tunable microwave devices.'*®
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3.6 Other application fields

In addition to the above applications, ferroelectric thin film
materials can also be utilized to fabricate other devices. Such
as, resistive RAM based on high/low resistance switching
behavior, magnetoelectric RAM based on the magnetoelectric
coupling effect, detectors based on pyroelectric effects, refrig-
eration devices based on the electrocaloric effect, etc.'**"*

4. Flexible ferroelectric devices

With the rapid development of the artificial intelligence indus-
try and wearable electronics, higher requirements are put
forward for the portability and flexibility of electronic
equipment,'”>'”® which are difficult to meet using traditional
rigid electronic devices. Hence, flexible multifunctional devices
with good ductility and resilience have drawn increasing atten-
tion. Currently, nanogenerators, sensors, energy harvesting
devices, and information storage devices have been fabricated
by depositing polymer materials and oxide materials onto
flexible substrates."”*"”” Compared with polymer materials,
oxide materials generally have better physical properties and
superior chemical and thermal stability, which have greater
advantages in the preparation and application of devices. As
mentioned above, among the many functional materials, inor-
ganic ferroelectric thin film materials have been widely used in
information storage, piezoelectric devices, optoelectronics and
other fields because of their excellent electrical and optical
properties. Achieving the flexibility of inorganic ferroelectric
thin films can further transfer the performance advantages of
these materials into flexible electronic devices. Therefore, flex-
ible inorganic ferroelectric thin film materials are very potential
candidates for flexible electronic devices. Meanwhile, flexible
ferroelectric devices have become a new direction for the
application and development of ferroelectric thin film materi-
als. In this section, we briefly introduce the fabrication pro-
cesses and the application prospects of flexible inorganic
ferroelectric thin films.

4.1 Fabrication processes of flexible thin films

4.1.1 Direct growth methods. It is a simple and feasible
strategy to grow thin films directly on malleable substrates to
achieve flexible devices. Metal foil and polymers are the most
common flexible substrates, both of which are malleable.*”%*7°
High temperature resistance allows metal foil substrates to be
directly applied to the high temperature environment of ferro-
electric film growth. However, the large roughness of the metal
foil substrates (dozens of nanometers) and the element diffu-
sion at the interface between the substrate and ferroelectric
film will affect the performance of the flexible ferroelectric film,
so a buffer layer (LiNiO;z, NiO, etc.) is usually grown on the
surface of the substrate to reduce the influence of substrate
roughness and element diffusion.'®>'®" For example, flexible
PZT thin films with high piezoelectric (140 pC N™') and pyro-
electric (50 nC cm~2 K™') properties were prepared on malle-
able Ni-Cr metal foil substrates with a LaNiO; buffer layer and
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can be used to fabricate piezoelectric-pyroelectric nano-
generators.'®® Polyimide (PI) substrates are more malleable
than metal foil and can fit perfectly on the body. However,
the low melting point (< 400 °C) limits the application of
flexible PI substrates, and how to make ferroelectric crystals at
low temperature is a current research challenge. Bretos et al.
proposed several novel approaches to induce PZT and BFO thin
films deposited on PI substrates to crystallize at low tempera-
ture, but the P, values of the grown flexible PZT and BFO thin
films are lower than those of the films that crystallize at high
temperatures.'® % In addition to metal foil and PI substrates,
flexible ferroelectric thin films can also be deposited directly on
mica substrates by van der Waals Epitaxy (vdWE), which was
first proposed by Koma et al.'®® A series of flexible PZT and
BaTij 95C0.0503 thin films have been successfully grown on
mica substrates with a buffer layer,'®”'®° which demonstrates
that high-quality epitaxy flexible perovskite thin films can be
grown on mica substrates. However, due to the influence of the
mica crystal structure, the perovskite materials grown on the
mica substrate are generally (111) oriented, and it is difficult to
adjust the orientation. The excellent characteristics make mica
materials a suitable substrate for the fabrication of flexible
devices,"° for example, atomically smooth surface, high flex-
ibility, thermal stability and chemical inertness; the mica
material is non-toxic and has good biocompatibility; the ther-
mal expansion coefficient of mica matches that of silicon and
mica is compatible with current Si-based technologies; it is
compatible with current thin-film deposition techniques.
4.1.2 Stripping and transfer methods. The strategy of
separating ferroelectric thin films from parent substrates and
then transferring them to soft substrates has also been studied
and applied extensively. There are two methods to strip thin
films from parent substrates. One method is to etch the
sacrificial layer."”" The process schematic of etching the sacri-
ficial layer to prepare flexible thin films is shown in Fig. 10a.%
The sacrificial layer (Lay,SrysMnO;, Sr3Al,Oq) is inserted
between the thin film and substrates. The etching of the
sacrificial layer can separate them, and then the independent
film can be transferred onto the malleable substrates to fabri-
cate flexible films. The La, ;Sr, 3;MnO; (LSMO) sacrificial layer
can be etched with a mixture solution of KI and HCI, and the
Sr3AlL,0¢ (SAO) sacrificial layer can be removed by using deio-
nized water. The water solubility of SAO reduces the etching
cost and simplifies the operation, which is the sacrificial layer
material commonly used in preparing flexible ferroelectric thin
films.’®> Another method is the laser lift-off (LLO) process
(Fig. 10b)."**'%* The separation of the ferroelectric film from
the substrate can be achieved by using laser irradiation to
partially vaporize the interface between ferroelectric thin films
and the substrate. This method often requires the use of a wide
bandgap substrate, such as a sapphire substrate.'>> Flexible
ferroelectric components fabricated by the LLO process have
been applied in many fields, including nanosensors and energy
harvesters, etc.'*>'°® The LLO method can achieve rapid and
large-area stripping, but this method often requires the use of a
wide-bandgap substrate, the cost of the laser is high, and the
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stripping will bring thermal damage to the interface. The
mature preparation process of rigid substrates is also suitable
for growing ferroelectric thin films on sacrificial layers (LSMO
and SAO), so sacrificial etching is an ideal method to prepare
flexible ferroelectric thin films, but the few types of sacrificial
layers available limit the application of this method.

4.2 Application of flexible ferroelectric thin films

4.2.1 Nonvolatile memory. To realize the application of
flexible electronic devices in biomedical and industrial fields,
it is necessary to develop malleable nonvolatile memory for
information storage.'®” The working mechanism of flexible
ferroelectric memory is the same as that of traditional ferro-
electric memory, which is discussed in Section 3.1. At present, a
series of flexible ferroelectric memory elements with excellent
thermal and mechanical stability have been fabricated by using
inorganic ferroelectric thin films."”® A PZT-based flexible mem-
ory device was fabricated by transferring PZT thin films on a Pt-
coated polyethylene terephthalate (PET) substrate through an
etching sacrificial layer."®® And the prepared memory element
has a switching speed of 57 ns and retention time of more than
10 years. The P, value of the flexible HfO, thin films remains
nearly unchanged after 1000 cycles of the bending test with a
bending radius less than 8 mm.>°° And integrating a HfO, thin
film as a gate material on a flexible substrate resulted in a
vertically flexible FeFET with an extrapolated memory window of
2.3 V after 10 years. Making use of PZT thin films as the gate
materials, Tsai et al. fabricated a flexible FeFET on a muscovite
substrate.’®® All the device characteristics, including endurance,
retention time, nondestructive readout, and on/off ratio, of the
flexible FeFET are not degraded after the bending test with a
bending radius of 5 nm. A flexile mica/SRO/BaTig 95C00.0503/Au
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capacitor displays bipolar resistive switching behavior with
a high/low resistance ratio of 50 and can be used to develop
a resistive memory device.'®® The high/low resistance ratio
of the memory device with a 2.2 mm bending radius did
not exhibit an obvious change after experiencing 360000
writing/erasing cycles. These works show the great potential
of inorganic ferroelectric thin films in flexible memory
devices.

4.2.2 Piezoelectric energy harvester and flexible sensors.
Energy harvesters that can transform mechanical energy to
electrical energy show the potential of being self-powered
microelectronic devices.'”>?°*?% Ppiezoelectric energy harvest-
ers have received much attention since Wang and Song fabri-
cated piezoelectric nanogenerators utilizing ZnO nanowire
arrays.”®* Piezoelectric energy harvesters, known as piezoelec-
tric nanogenerators (NG), work by the piezoelectric effect of the
materials.””® The inherent piezoelectric properties of ferroelec-
tric materials allow for the mutual conversion of mechanical
and electrical energy, but the application of traditional ferro-
electric materials in energy harvester equipment is limited by
their rigidity, and flexible ferroelectric thin films with excellent
ductility and flexibility are the most suitable materials for
fabricating energy harvester devices.'”*?°® Park et al. success-
fully transferred the Au/BTO/Pt architecture onto a flexible
plastic substrate by an etching process and connected them
by interdigitated electrodes (IDE).>*” During periodic deforma-
tion and recovery, the nanogenerator can produce an output
voltage of 1V, a current density of 0.19 pA cm ™2, and a power
density of 7 Mw cm ™. Whereafter, Park et al. fabricated a
highly efficient and lightweight piezoelectric NG by transferring
a PZT thin film onto a polyethylene terephthalate (PET) sub-
strate via the LLO process.”’’® Fig. 11a shows that NG can
generate an output voltage of 200 V and a current density of
150 pA cm 2 regardless of the forward or reverse connection at
a bending strain of 0.386%. With a slight bending motion, the
NG generated a current of 8.7 pA, which can light up 105 blue
LEDs without any external power supply (Fig. 11b), realizing a
self-powered light emitting system. Yang et al. fabricated lead-
free piezoelectric NG by transferring Bag gsCag 15Zr0.1Tip 003
(BCZT) films deposited on mica onto PET substrates.”*® The
output voltage of this NG increased with increasing bending
angle and approaches 6.7 V when the bending angle reached
90°. And this NG can charge a capacitor via mechanical
stimulation and shows potential application prospects in the
field of self-powered devices. Hwang et al. fabricated a flexible
energy harvester by transferring single crystalline PMN-PT thin
films onto a PET substrate;*'® the maximum output current was
145 pA, and the output voltage was 8.2 V, respectively. Experi-
ments have demonstrated that the energy harvester can be used
as a sustainable energy source to charge the batteries, and
stimulate the heart by using artificial cardiac pacemakers
(Fig. 11c). At present, many implanted medical devices require
regular battery replacement, which places an economic burden
on patients and a possible risk of inflammation; therefore, the
development of self-powered energy harvesters has high prac-
tical significance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The inherent piezoelectric properties of flexible ferroelectric
thin films can also be used to fabricate flexile nano sensors. As
shown in Fig. 11d,”°* Dagdeviren et al. fabricated a PZT-based
flexible sensor that can convert skin pressure to a current output
via capacitance coupling, with low hysteresis, fast response time
(0.1 ms) and high sensitivity (0.005 Pa). Lee et al. reported a PZT-
based flexible piezoelectric acoustic nano sensor and the sensor
can sensitively and efficiently convert sound energy into piezo-
electric signals within the audible living noise frequency range.'*>
The NG can work as self-powered piezoelectric sensors.”’®*!'! Park
et al. transferred a PZT thin film onto a flexile substrate to realize a
self-powered flexible sensor, and the sensor has been shown to
measure radial/carotid pulse signals, respiration frequency and
tracheal movements.>"> Flexible nano sensors are expected to be
applied in the field of wearable electronic devices and biomedical
devices, such as electronic skin, health monitoring and intelli-
gence systems, etc.'’>*'?

Although significant progress has been made in the fabrica-
tion process of flexible inorganic ferroelectric thin films in
recent years, the optimal solution between film quality, cost,
and process complexity has not yet been reached, and the
fabrication process needs to be improved. The thermal stability
of flexible devices and the performance stability against bend-
ing need to be further studied and improved. At this stage,
most of the research on flexible ferroelectric devices focuses on
independent ferroelectric films or components, and there is
still a lot to be done on the integration of flexible ferroelectric
components and other functional components.

5. Conclusions

Ferroelectric thin film materials have been a hot topic in
fundamental research and application fields for nearly one

© 2022 The Author(s). Published by the Royal Society of Chemistry

t.29% (d) Photograph of the sensor placed on a wrist

century. At present, the basic scientific research of ferroelectric
thin film materials is still appealing, and some critical issues
are to be thoroughly revealed, such as the size effect of
perovskite ferroelectrics, the ferroelectricity origin of hafnium
oxide-based materials, topological structures, strain engineer-
ing, interface effects, etc. How to derive good-performance and
large-scale thin films to construct commercial devices remains
to be further investigated. The preparation and research of
ferroelectric thin film materials are mostly limited in the
laboratory, and some fabrication methods are not suitable
for large-scale commercial production. Industrial fabrication
and integration process of ferroelectric thin-film devices need
improvement. Moreover, there is still an urgent need to find
lead-free alternatives to PZT with suitable cost and good
performance.
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